Imogolite is a natural nanotubular aluminum silicate clay mineral found in volcanic soils. Its well-defined, tunable structure makes it a good candidate for studying water confinement in a one-dimensional (1D) structure. Water confinement in self-sustaining imogolite thin films was studied using infrared spectroscopy. Two types of synthetic imogolites were investigated: pristine imogolite (IMO-OH) with a hydrophilic inner surface covered with Si-OH groups and hybrid imogolite (IMO-CH 3 ) with a hydrophobic inner surface covered with Si-CH 3 groups. Both imogolites have an outer surface that is covered with Al-OH groups. Infrared spectra were recorded in the 20-4,000 cm −1 spectral range as a function of relative humidity. Analysis of the O-H stretching band provides information on the H bonding of confined water molecules inside and outside the IMO-OH tubes. The scenario for water filling as a function of relative humidity is determined for both systems. Adsorption begins in the IMO-OH tubes at the lowest relative humidity (< 10%). The inner surface of the tubes is first covered with water molecules; then, the central part of the tubes is filled, leading to very strong H bonds and a structured spectrum. In contrast, the H bonds of water adsorbed on the outer surfaces of these tubes are weaker. A different scenario is observed for water inside IMO-CH 3 : Weakly H-bonded water molecules are present, similar to that observed in carbon nanotubes. Water confinement in imogolites is governed by the hydrophilicity of the inner walls. At similar partial pressures, the degree of H bonding depends on the interactions between water and the nanotube wall.
Introduction
Interactions between molecules and a confining interface at the nanometer scale can trigger specific molecular organizations, which affect chemical reaction pathways within the confining system. Such interactions are particularly interesting to study for water because it is ubiquitous in everyday life. When water is confined in a nanoscale cavity, the water-host interactions may become predominant at the expense of the water-water Nano Res. 2018, 11 (9) : [4759] [4760] [4761] [4762] [4763] [4764] [4765] [4766] [4767] [4768] [4769] [4770] [4771] [4772] [4773] interactions. In such situations, the structural and dynamical properties of the water network differ considerably from those of bulk water [1] [2] [3] [4] [5] [6] [7] [8] .
For soft materials and solid nanoconfining materials, the ability to modify properties of water confined in one-dimensional (1D) nanochannels presents fundamental interest [9] [10] [11] and practical relevance, for example in the fields of filtration and separation, or for designing new materials for molecular transport [12] [13] [14] [15] . From a fundamental point of view, the organization of water confined in 1D, nano-scaled hydrophobic channels could be determined for the model system of singlewalled carbon nanotubes (SWCNTs) using experimental [16, 17] and theoretical [18, 19] approaches. These studies demonstrated that the density of water, presence of water clusters, and phase transitions inside the nanotubes (NTs) are strongly affected by the diameter of the confining NTs [16, 17, 20, 21] . Such organization of nanoconfined water is related to the frictionless motion of water molecules inside the smallest NTs [22, 23] .
SWCNTs of a specific diameter are difficult to obtain, and their partial metallic nature greatly restricts spectroscopic investigations of their water content. Moreover, chemical modifications to the internal or external surfaces require modification of the carbon framework. In contrast, synthetic imogolites, i.e., aluminosilicate NTs with a monodispersed diameter [24, 25] , allow for chemical groups at the surface of the tubes to be changed while maintaining a welldefined geometry [26, 27] . Therefore, synthetic imogolites provide a promising route for producing a tunable, 1D-confining system (Fig. 1) .
Imogolite was first discovered in volcanic soils in 1962 by Yoshinaga et al. [28] , and imogolite synthesis was described shortly thereafter [29, 30] . Further developments showed that it is possible to modify the composition and surface properties of the imogolite NTs while preserving their tubular shape and monodisperse diameter [31] [32] [33] . In particular, the functional groups present on the internal or external surfaces can be changed [34, 35] . This tunable composition and functionality [26, 27, [36] [37] [38] [39] of the walls of the nanopores makes imogolite an ideal system for nanoconfinement [34, 40, 41] . Nanoconfined water was predicted to circulate at higher rates in these NTs than in current membranes using molecular dynamics and Monte Carlo simulations [40, 42] .
Two types of imogolites are investigated in the present study ( Fig. 1 ): a standard imogolite (IMO-OH) with a hydrophilic inner surface fully covered with Si-OH groups, and a hybrid imogolite (IMO-CH 3 ) with a hydrophobic inner surface fully covered with Si-CH 3 groups. For both systems, -OH groups cover the outer surfaces. We present the spectra of adsorbed water inside and around IMO-OH and IMO-CH 3 imogolite NTs throughout the entire hydration process. Infrared (IR) spectroscopy was chosen as the main tool of investigation because it allows for a thorough analysis of the water network. It can also isolate the specific behavior of water confined inside these 1D model systems. . The oxygen atoms (red) assume an octahedral orientation around Al (blue) with three oxygen atoms shared by Si tetrahedra (SiO 4 , yellow). The nanotubes can be up to a few micrometers long. The figure was made using the VMD software [43] .
Experimental section

Synthesis of standard and hybrid imogolites
The synthesis of IMO-OH was inspired by the work of Farmer et al. [29, 30] . AlCl 3 was dissolved in ultra-pure water at a concentration of 2 mM with tetraethoxysilane to obtain a molar ratio of Si/Al = 0.55. A slight excess of Si was used to prevent the formation of hydroxyaluminum (gibbsite). Subsequently, a 0.1 M NaOH solution was slowly introduced to the solution at a rate of 0.5 mM/min until a molar ratio of OH − /Al = 2.0 was reached. The dispersion was stirred continuously for 1 h until the solution was completely clear. The obtained solution was heated in an oven at 363 K for 5 days. After heating, the dispersion was concentrated by tangential ultrafiltration using 8-kDa membranes. The concentrated dispersion (about 10 g/L) was then dialyzed against ultra-pure water until the conductivity of the external phase was less than 2 μS/cm.
The IMO-CH 3 were synthetized using the protocol provided by Bottero et al. [33] . Aluminum-tri-secbutoxide was mixed into HCl (aq) with trimethoxymethylsilane at the following molar ratios: Si/HCl/Al = 0.575/0.5/1. After vigorous stirring for 1 h at ambient temperature, the obtained clear solution was heated in an oven at 363 K for 5 days. The obtained solution was dialyzed following the procedure described for IMO-OH.
Both dispersions were characterized by small angle X-ray scattering (SAXS). The structural parameters were compatible with a cylindrical, nanotubular structure for both suspensions [36, 44] . For IMO-OH, the internal radius, r i , was 7.6 Å and the external radius, r e , was 13.6 Å, producing a wall thickness of 6.0 Å. For IMO-CH 3 , r i = 9.1 Å and r e = 15.1 Å, implying the same wall thickness of 6.0 Å [36, 44] . The diameter of IMO-CH 3 is likely larger than that for IMO-OH because H bonds cannot form inside IMO-CH 3 NTs.
Film preparation
Standard and hybrid imogolite films were produced by depositing a controlled volume of an imogolite water dispersion on a round polystyrene (PS) plastic substrate (diameter = 1.8 cm). After drying at room temperature, the self-supporting films were easily removed from the PS surface. Depositing 0.5 mg/cm 2 of an imogolite water dispersion produced a film of an appropriate thickness (several μm) for IR measurements. A more detailed description of the film preparation can be found in Ref. [44] .
2.3
In situ IR study on the AILES beamline IR measurements were performed on the AILES beamline at the SOLEIL synchrotron in France [45] . The hydration-controlled set-up used here was described in Ref. [45] . In short, the samples were fixed on a sample holder at a precise normal incidence relative to the incident beam. A copper sample holder, which was designed to clip the imogolite thin films, was introduced into a humidity-controlled 1-cm 3 copper cell. The cell was ultra-high-vacuum compatible (leak rate < 1 × 10 −9 mbar·L/s) and was evacuated using a turbomolecular pump. The cell body was connected to the cold tip of a closed cycle cryostat through a copper braid to maintain the cell at a fixed temperature. During the measurements, the temperature was monitored and controlled at a precision of ±0.1 K using a silicon diode and a resistive heater. The set-up allows us to perform in situ IR measurements under a controlled vapor at a stable temperature.
The film was heated at 310 K for 10 h under vacuum (10 −6 mbar) to remove adsorbed water molecules. The sample was then cooled to 295 K. This corresponds to the driest state presented in this study. IR spectra of IMO-CH 3 and IMO-OH were recorded under controlled water vapor pressures (P) at 295.0 ± 0.1 K for adsorption and desorption processes. P was converted to relative humidity (RH) values based on the pressure dependence
where P 0 is the equilibrium vapor pressure of water (P 0 = 26.2 mbar at 295 K). The absorbance spectra were recorded at equilibrium at a given RH in the far IR (FIR) range (20 to 500 cm −1 ) at a resolution of 2 cm −1 using a 6-μm-thick Mylar beamsplitter and a 4.2-K bolometer, and in the mid IR (MIR) range (500 to 4,000 cm −1 ) at a resolution of 4 cm −1 using a KBr beamsplitter and a HgCdTe detector. To remove contributions from water vapor, absorbance Nano Res. 2018, 11 (9) : 4759-4773 spectra were recorded using the empty sample holder at each RH value. All spectra are the average of 400 scans measured with a mobile mirror speed of 2 cm/s.
Analysis of the IR bands
To extract the intensities of the sub-bands through the hydration cycle, bands were fitted to Gaussian curves using the Igor Pro 6.34 software (WaveMetrics Inc., Lake Oswego, OR, USA) and its multipeak fitting package (version 2.0). All fitting procedures were performed using the Levenberg-Marquardt algorithm to minimize the standard deviation (χ 2 ) with Gaussians maintained at fixed wavenumbers and bandwidths. The convergence criterion for the fits was set at χ 2 < 0.01 [44, 46] . For each spectrum, the fit was performed on the absorbance that was calculated using the driest imogolite film as a reference. This enabled us to retain only the spectral contributions from water. The use of this reference also allowed us to remove most of the other spectral contributions, such as the components around 2,910-2,980 cm −1 because of the -CH 3 and -CH 2 groups of IMO-CH 3 from the O-H stretching band (Fig. S1 in the Electronic Supplementary Material (ESM)).
Characterization of the films: porosity and amount of water
Imogolite NTs can be described as homogeneous cylinders with an internal radius (r i ), external radius (r e ), and repetition distance (∆) (Fig. 2) along the tube axis [26, 44] . The IMO-OH NTs are positively charged at the outside of the tube and form a very stable dispersion [47] . They display a columnar liquid crystalline phase at a volume fraction around 0.3% [48] . IMO-CH 3 is also positively charged, but less so than IMO-OH [49] . Its tubes also form stable dispersions, but they tend to assemble in small bundles [39] . In water, the internal electronic density obtained from SAXS differs for IMO-OH and IMO-CH 3 . For IMO-CH 3 , the internal electronic density is 0.1 e/Å 3 , which is significantly smaller than the electronic density of pure liquid water (0.33 e/Å 3 ), also the same value as water in IMO-OH [26] . Therefore, the hydrophobic nature of the internal surface of IMO-CH 3 inhibits most water penetration.
Upon drying, water is progressively removed until a condensed phase is obtained. The pore packing for both imogolite films is illustrated in Fig. 2 [44, 50] . The IMO-OH NTs are filled with water (A pores), whereas the interior of the IMO-CH 3 NTs are hydrophobic and are not expected to contain significant amounts of water (D pores). The A pores have an external radius of 13.6 Å, whereas the external radius of the D pores in IMO-CH 3 is 15.1 Å. This size difference can be related to the presence of bulky methyl groups and the lack of intramolecular H bonds inside the NTs. This network is believed to stabilize the zig-zag configuration of IMO-OH and plays a role in the spontaneous curvature of the NTs [35] . Moreover, the spaces between the ideally packed NTs (bundles) also form nano-scale pores (labeled B). For ideally packed NTs, the B pores would be smaller than the A pores in both imogolites. The mesopores present between the bundles of NTs are labelled C. 
W
(2% for IMO-OH and 0.3% for IMO-CH 3 ) was measured from TGA when the RH increased from 74% to 97% (Fig. S2 in the ESM). This suggests that for RH > 74%, the water content reached a maximum for both films. The IMO-CH 3 external diameter is larger than its IMO-OH counterpart, and the IMO-CH 3 hydrophilic B pores are larger than those in the IMO-OH films [33, 44, 51] .
The porosity of the films and the mass ratios for internal and external water were also obtained from the TGA measurements ( Fig. S2 in the ESM) [44] . In this case, the measured ratio of the external water fraction between IMO-OH and IMO-CH 3 was 0.59 (section II in the ESM).
Results
IR signatures of water confined in IMO-OH and IMO-CH 3
The absorbance spectra of the contributions from water adsorbed in both imogolites are presented in
Figs. 3(a) and 3(b). The complete absorbance spectra (obtained using the empty cell as a reference) for the two samples at various RH values in the FIR and MIR spectral ranges are displayed in Fig. S1 in the ESM. The assignment of the characteristic bands is given in Table S1 in the ESM.
The three main water bands in these spectra are as follows: i) hindered translational band of water corresponding to intermolecular H bonds (20-250 cm Figure 3 shows that the intensity increases with increasing RH. The libration mode, corresponding to frustrated water rotations and usually detected around 675 cm −1 in bulk water [46, 52] , is not clearly observed. Its spectral signature is masked by imogolite modes and therefore cannot be exploited here.
The so-called connectivity band is observed as a broad feature between 20 and 250 cm −1 ( Fig. S3 in the ESM). The fitting of this band is presented in Fig. S4 in the ESM. For IMO-OH and IMO-CH 3 , water outside of the NTs dominates the connectivity. For both systems, the intensity of the connectivity bands increases with increasing RH (Fig. 3) . Nano Res. 2018, 11 (9) : 4759-4773
Bands centered at ~ 147 and ~ 240 cm −1 are typically observed for liquid and solid amorphous water [53, 54] . The large width of the OH stretching in IMO-OH is typical of a very diverse environment for water molecules.
The water bending mode is usually observed between 1,580 and 1,700 cm −1 . It is unaffected by confinement in the IMO-OH pores [16, 19] . This band is observed at 1,643 cm −1 , a value close to that measured for bulk water (1,643-1,660 cm ) [16, 19, 46, 55] . In contrast, the water bending mode for IMO-CH 3 differs from that for bulk water (Fig. S5 in the ESM) . In addition to the bulk-like feature at 1,643 cm −1 , it presents a weaker component at 1,590 cm
, which is strongly red-shifted with respect to that for bulk water. The low bending value is found in gas-phase water (~ 1,594 cm −1 ) where no H bonds are established. In the present case, it can be associated with weakly bonded water molecules [16] , as evidenced for water confined in 8.2-16.5-Å-diameter carbon NTs [16] .
In the following section, we mainly focus our study on the O-H stretching band (2,800-4,000 cm −1 ), which is sensitive to the established H bonds and allows for quantitative analysis [4, 16, 45, 46, 56, 57] .
Analysis of the O-H stretching band
Adsorption-desorption isotherms
The evolution of the area under the O-H stretching band with respect to the RH provides quantitative insight into the adsorption/desorption processes. The integrated absorbance values of the O-H stretching band evolve linearly with respect to the water content [58] . To quantitatively compare the total water uptake of both samples, the integrated areas of the O-H stretching bands were converted to mass ratios of the adsorbed water content at different RH values is the mass of dry imogolite. All the adsorption isotherms were normalized to the water content of the fully hydrated sample. However, for RH = 100%, some capillary condensation occurred at the sample surface (Fig. S1 in the ESM), preventing a strict interpretation of the spectra (Fig. S1 in the ESM). Therefore, we exploited the RH = 84% spectrum to represent the sample at full hydration. From the TGA experiments (Fig. S2 in the ESM) , the water content g water ( ) W was estimated at RH = 84% as ~ 25% of the total mass for IMO-OH and ~ 21% for IMO-CH 3 .
The global adsorbed water mass ratio can be calculated from 
The resulting normalized adsorption-desorption isotherms for both imogolites are depicted in Fig. 4 . As expected, IMO-OH exhibits a greater capacity to absorb water than IMO-CH 3 , especially at the lowest RH values; at RH = 10%, 66% of the maximum measured value is reached for the former versus 28% for the latter. During desorption from IMO-OH, water remains adsorbed longer, showing a high affinity [42, . Almost no hysteresis is detected in the hybrid sample, unlike the result observed for IMO-OH. The shape of the adsorption hysteresis loop is usually related to the pore size distribution and network or percolation phenomena [60] . The hysteresis loop observed for IMO-OH resembles the typical H2-type hysteresis (IUPAC classification), which indicates a more complex pore structure with both cavities and constrictions for water adsorption [61] . Equivalent adsorption-desorption isotherms can be obtained using the water bending mode (Fig. S6 in the ESM) .
For IMO-OH, water adsorption isotherms obtained from different experimental works can be compared with our data (Fig. S7 in the ESM). Our results are consistent with previous results. The different measured values are caused by the different origins (natural vs. synthetic), dimensions, and the forms (e.g., film, powder) of IMO-OH and, in this case, the assumption that the integrated molar absorption coefficient of the O-H stretching band does not evolve with the wavenumber. This leads to an overall error of 10%-20%. In the following, we analyze the stretching band as a function of the RH.
Fitting the O-H stretching band
The shape and position of the water O-H stretching mode reflect the number and strength of H bonds. Bands positioned at lower wavenumbers indicate stronger H bonds [62] [63] [64] . The analysis of this structure also provides insights into the changes in the H bond network for specific water compared to bulk water. To support the interpretation, the O-H stretching band is generally decomposed into Gaussian sub-bands to represent the different water coordinations [46, 65] . The molecules in liquid water are involved in transient networks that continuously break and form, and three Gaussian sub-bands corresponding to the different mean numbers of the H-bond coordination are used [46] . For confined water, in contrast, the added complexity of the system (presence of different types of OH groups on the surfaces) usually results in a larger number of sub-bands [4, 16, 46, 56, 63, 66, 67] .
For IMO-OH, the stretching band was decomposed into four Gaussian components: G1 centered at 3,055 cm , assigned to water molecules with a H-bond coordination number close to four, also labeled as "network water"; G3 centered at 3,450 cm −1 and labeled as "intermediate water", which is attributed to water clusters larger than dimers and trimers but with fewer than four H bonds; and finally G4 centered at 3,555 cm −1 corresponding to loosely bonded water molecules or to -OH groups on the surfaces interacting through weak H bonds [4, 16, 44, 46, 56, 63, 66, 67] . The obtained deconvolutions at four typical RH values are presented in Fig. 5 (left column). At RH = 0.2% (the lowest RH), the low-frequency component (G1) prevails, suggesting that most water molecules are in tetrahedral coordination, even at 295 K [20] .
A similar -OH stretching component was evidenced by Zanotti et al. at 3,230 cm −1 for water molecules in Vycor [53] (a hydrophilic porous silica glass, with a characteristic size of 50 Å) at low RH. This was interpreted to be due to a monolayer of water molecules strongly bonded to the terminal OH groups. Comparatively, for IMO-OH, G1 is centered at a lower wavenumber (3,055 cm −1 ), implying that the strength of H bonds is greater in imogolite NTs than in Vycor. Above 7.2% RH, the "network water" G2 component dominates, and the proportions of the higher wavenumbers components (G3 and G4) remain approximately constant at larger RH values. The highest frequency component, G4, is significantly narrower than the highly bonded lower frequency component; which is a common feature in most systems containing water (including bulk water) [4, 46] . Although counterintuitive, it may reflect that weakly bonded water is less likely to pass into a non-bonded state.
Significant water adsorption also occurs for IMO-CH 3 ( Fig. 5(b)) ; however, the interior of the pores is not expected to be filled with a significant quantity of water in this system [36, 39] . Therefore, in IMO-CH 3 , the adsorption process mainly occurs at the outer surface of the tubes where hydrophilic OH groups are present. Surprisingly, six Gaussian sub-bands are required to accurately fit the whole band, which suggests a more heterogeneous environment than in IMO-OH (Fig. 5(a) ). Four of them are located at approximately the same frequencies as those found Nano Res. 2018, 11(9): 4759-4773 for IMO-OH. They are centered at 3,080 (G1), 3,295 (G2), 3,468 (G3), and 3,576 cm −1 (G4), respectively. The two additional sub-bands are G0 at ~ 2,600 cm −1 and G5 at 3,633 cm , whose small relative contribution indicates the presence of very weak H bonds. G0 is located at lower wavenumbers than the "ice-like" water absorption bands. Such low wavenumber bands are indicative of acid water [68] . In the present case, this may be due to remaining hydronium ions arising from HCl used in the synthesis protocol and present in small quantities on the surfaces, even after dialysis. The G5 component is a narrow band at high wavenumbers and is characteristic of O-H groups with a coordination number < 2. As this sub-band is only present for IMO-CH 3 , it is likely related to the specific internal environment of the IMO-CH 3 tubes, as discussed in the next section. Interestingly, the evolution of the G5 component as a function of RH matches closely with the evolution of the 1,590 cm −1 bending component (Fig. S8 in the ESM) , suggesting that they are related to the same water type.
As for water in IMO-OH, the G1 component is dominant at the lowest RH, suggesting that the first molecules are bound to the outside OH wall. For RH > 10% the spectrum is dominated by G2 and G3, as for water in IMO-OH.
Spectral signature extraction of the different types of confined water in the O-H stretching region
The area of all OH sub-bands as a function of RH (except for the acid contribution (G0) of IMO-CH 3 ) for the two imogolites are plotted in Fig. 6 . Significant differences are observed between the two imogolites. For water in IMO-OH, the increase in each contribution is steep and occurs at low RH values. The water uptake is then clearly slowed for RH > 6%. For the IMO-CH 3 sample, one can distinguish two families of adsorption isotherms. The increase is more regular over the whole RH range for the mid wavenumber components (G2 and G3), while G1, G4, and G5 reach a plateau at RH ≈ 25% and then remain stable (within the error bars) above RH ≈ 40%. This evolution is clearly linked to water from outside the IMO-CH 3 NTs that fills the inter-tube pores (B pores) where OH groups are present first. Such strong bonding causes OH stretching to absorb at a low frequency. Once these favorable nanopores sites are filled, the IMO-CH 3 mesopores (C pores) are filled. These mesopores are relatively large; therefore, their water content resembles that of bulk water, and the G2 and G3 bands grow until the sample is fully hydrated. In contrast, the steeper slope at the lowest RH values for the IMO-OH samples is likely dominated by filling the highly Nano Res. 2018, 11 (9) : 4759-4773 Figure 6 Evolution of the integrated areas of all the water populations as a function of RH (%) during the adsorption (filled circles) and desorption (empty circles) processes: (a) IMO-OH and (b) IMO-CH 3 , for which acid water is not presented (~ 6% of total water content at 84% RH). The error bars for all integrated areas is evaluated at ±10%.
hydrophilic interior of the tubes until RH ≈ 10%. The inter-tube nanopores should be completed between 10% and 20%, analogous to that for IMO-CH 3 , while the mesopores fill last. Moreover, the G5 contribution (only observed in IMO-CH 3 ) increases at low RH values, and then reaches a plateau between 10% and 20% RH, with a relative intensity of about 2.5% of the total area of the OH band. To complete the picture for IMO-CH 3 , these water molecules are confined inside the tube with specific stretching and bending spectral signatures at 3,633 and 1,590 cm −1 , respectively. The different absorption spectra of IMO-CH 3 , corresponding to the difference between the spectra recorded at two consecutive RHs, were determined as a function of RH (Fig. S9 in the ESM) . This allows us to only identify new components that appear when the RH increases. From these difference spectra, the components below 3,250 cm −1 (typical of highly bonded molecules at the OH interfaces) only appear at RH < 1.5%. For RH > 3%, the IR spectrum becomes similar to that of liquid water, suggesting that all additional water molecules present in the mesopores of the sample exhibit bulk-like behavior. This conclusion concerning external water agrees with simulations for external water in IMO-OH [34] . The authors [34] have predicted that the water network that forms outside the tubes resembles that of bulk water, especially at a high hydration level.
Assuming that the environment for external water is equivalent for both IMO-OH and IMO-CH 3 (despite the small difference in the external radius), one can use the typical external water spectrum deduced for IMO-CH 3 to extract the typical internal water spectrum for IMO-OH. More explicitly, the internal water spectrum was obtained by subtracting the IMO-CH 3 spectrum (excluding G5 at 3,633 cm
), which was extrapolated at the same RH and multiplied by the proportion of external water between IMO-OH and IMO-CH 3 as determined using TGA (0.59), from the IMO-OH water spectrum (as explained in section II in the ESM). The extrapolation is performed using the Freundlich isotherm model as detailed in section VIII, Fig. S10 , and Table S2 in the ESM. Figure 7 shows that it is possible to extract the isotherm and spectra of confined water within the various NT sites as a function of RH. As expected, the filling of the NTs occurs within the first 10% (RH) (Fig. 7(b) ). It then reaches a plateau and remains stable until RH ≈ 46%. The plateau value is 20% ± 1% and is close to the expected value of 17.1% [44] , corresponding to the water percentage inside the NT (section II in the ESM). The small decrease in intensity is not significant (it is within the error bars). Figure 7(a) shows the evolution of the normalized IR spectra of confined water while the IMO-OH NTs are filled. The spectra of bulk water and ice are also depicted for comparison. At all RH values, the confined water bands are much broader than the O-H stretching Nano Res. 2018, 11(9): 4759-4773 bands for bulk water or ice water.
The main differences arise from the contributions at low wavenumbers, indicating the presence of strongly H-bonded water molecules in the nanopores (B or A sites). At RH ≈ 10%, almost 70% of the water content Figure 7 (a) Normalized IR spectra obtained during the water-adsorption process. The spectra of bulk water (300 K) and of ice (263 K) are also presented in black and grey, respectively, to highlight the similarities and differences with respect to confined water. The inset on the left shows the spectra before normalization. corresponds to internal water (Fig. 7(c) ). This demonstrates that water molecules at the inner surface of the pores are strongly H-bonded to the surface. The maximum of the confined water band continuously shifts from 3,465 to 3,230 cm −1 with increasing RH, as shown in Fig. 7(d) . This evolution provides evidence for four regions: i) a steep decrease for RH < 3%, ii) a smooth region for RH ranging between 3% and 46%, iii) another steep decrease for RH between 46% and 55%, and iv) a smooth evolution for RH > 55%. The steep decrease in the maximum wavenumber for RH < 3% indicates the initial formation of a strong H-bond network. For RH values between 3% and 46%, the evolution of the band maximum with respect to the RH is smooth. A steep decrease occurs at RH values between 46% and 55%, indicating an overall strengthening of the O-H bond network.
Discussion
Origin and quantity of water inside IMO-CH 3
Our results clearly show that 2.5% of the area of the O-H stretching band corresponds to water trapped in the hydrophobic NTs. These water molecules form a weakly H-bonded network, as demonstrated by their frequencies (1,590 and 3,633 cm , respectively, in the spectrum of gas phase water). Their intensity evolution as a function of RH allows us to extract the isotherm of internal water for IMO-CH 3 (Fig. 6(b), G5 contribution) . This corresponds to a Langmuir-type isotherm, which is typical for porous materials. Moreover, the 3,633 cm −1 spectral contribution resembles a high-frequency component observed for carbon NTs [16] , which was assigned to the formation of a 1D water chain inside hydrophobic systems. The bending component for weakly H-bonded water molecules confined inside the IMO-CH 3 tube is shifted by more than 50 cm −1 with respect to that for bulk water, and the value is even lower than the bending frequency reported for water in carbon NTs (1,625 cm −1 ) [16] . The correlation between the O-H···O distance and the OH stretching wavenumber was discussed in several studies with a diagram covering the whole stretching band [62, 69] . From 2,800 to Nano Res. 2018, 11 (9) . The percentage of water molecules trapped in the tubes (compared to the total water content) was estimated as < 4% for the 16 structural units of (OH) 3 Al 2 O 3 Si(CH 3 ) (with Δ = 4.3 Å) by assuming that water molecules are present in the tube every 3.1 Å and determining the total water content in IMO-CH 3 (using TGA). This value is 1.5 times higher than 2.5%, which was found by comparing the area of the 3,633 cm −1 band with that of the whole O-H stretching band. However, the molar absorption coefficient of the high-frequency component (3,633 cm ) is certainly underestimated here, leading to the slight discrepancy between both values.
The present situation differs from that for (13:13) SWCNT with an equivalent internal diameter, for which more than 30 water molecules are predicted for a length of 4.3 Å [22, 70] , suggesting that IMO-CH 3 is more hydrophobic than the SWCNTs and that its hydrophobicity more closely resembles that of the zeolitic imidazolate framework of the ZIF-8 sample [71] .
Finally, we must consider what triggers the presence of water molecules inside hydrophobic tubes. Besides the formation of a water 1D chain, as reported in carbon NTs, an alternative assignment could be the presence of defects, such as missing Si-CH 3 groups, which create regions of reduced hydrophobicity. The progressive wetting of a variety of surface defects is in line with the Langmuir-type evolution of the G5 component (3,633 cm 
Origin and quantity of water inside IMO-OH
Filling the IMO-OH NTs is strongly affected by the surface interactions between silanol groups and water molecules. It also largely depends on the diameters of the pores. Generally, the water phase inside the NTs evolves as follows:
I. Water molecules adsorbed to silanol groups on the internal surface start to form two-dimensional (2D) patches.
II. Those water patches merge into a monolayer over the entire internal surface.
III. The patches grow and then form plugs.
IV. The pores are filled with water. A first transition occurs for RH ≈ 3% (Fig. 7(d) ). The steep red-shift for RH values from 0% to 3% indicates a quick strengthening of the total H-bond network during this phase. It suggests that water patches are initially formed as 2D patches on the walls of the NTs, as single molecule adsorption at silanol sites would imply a single H bond at a constant wavenumber [23] . At 3% RH, the water content equals roughly half of the total water intake inside the NT (Fig. 7(c) ). This is consistent with one water monolayer on the inner surface of the tubes. If we consider a tube diameter of 1.5 nm, and a 0.25-nm-thick water layer, then 56% of the water molecules are directly on the surface of the tube and 44% are in the central part when the tube is filled. For 3% < RH < 46%, the red shift in the maximum of the O-H stretching band is less pronounced. This suggests that some water plugs filling up the center of the tubes are created. The growth of water plugs would not significantly affect the position of the maximum of the O-H stretching band. The second transition takes place at RH ≈ 46%. We assume here that the tubes are almost filled with water and that a pressure-induced liquid water-ice transition takes place for RH values between 46% and 55%. For higher RHs values, the higher density of water molecules favors the transition to a more organized H-bond network. For RH values greater than 55%, the last water molecules fill the NTs.
The adsorption/desorption isotherms of water inside IMO-OH and IMO-CH 3 reveal some specific features (Fig. 4) . The water adsorption/desorption processes on the outer surfaces are much smoother than water adsorption inside the tubes. This is consistent with simulations [34] that demonstrate that the aluminol outer surfaces are less hydrophilic. The density of silanol groups (~ 6 OH/nm 2 ) is unusually high in IMO-OH and is explained by the strong curvature of the NTs. In contrast, the curvature provides a lower aluminol density on the outer surfaces than that for 2D aluminum hydroxide [34] . The external surface of both IMO-OH and IMO-CH 3 is expected to be less hydrophilic than Gibbsite [34] . The lower outside aluminol density may also explain why the highly bonded OH in IMO-CH 3 (G1 at 3,080 cm −1 ) appears at a higher energy than that for IMO-OH (G1 at 3,055 cm
−1
). Nano Res. 2018, 11 (9) : 4759-4773
We note several common conclusions for the present experimental work and the simulations for water in IMO-OH performed by Creton et al. [34] : (i) Firstly, both studies provide evidence that most water is adsorbed inside the tubes at a low hydration level, while inside and outside water reach comparable quantities at higher hydration levels. (ii) Inside the IMO-OH NTs, water is first adsorbed directly at the surface and then fills the volume toward the center. (iii) Simulations predict that the external water molecules behave in a bulk-like manner. This is supported by our IMO-CH 3 spectra (almost only external water). (iv) The internal water spectra change strongly as the RH increases. While we do see strong changes, we also observe a transition toward a more organized water network as the RH increases beyond 50%.
Theoretical papers generally describe the filling of a monodisperse cylinder at a precise RH [72] . We observe a more continuous process, which can be linked to the presence of defects in "real" samples.
Conclusions
A standard imogolite with hydrophilic, OH-covered inner and outer surfaces (IMO-OH) and a hybrid imogolite with a hydrophobic CH 3 -covered inner surface and hydrophilic OH-covered outer surface (IMO-CH 3 ) were synthesized, and their water adsorption properties as a function of RH were determined and compared in detail using IR spectroscopy from 20-4,000 cm −1 . Three environments for nanoconfined water were investigated (external water, internal water in IMO-CH 3 , and internal water in IMO-OH). We suggest that external water presents similar IR absorptions, implying that the water forms similar networks when placed around the external walls of both types of imogolites. In both cases, micropores are found between ideally packed tubes and mesopores between NT bundles. The tubes allow water adsorption for IMO-OH and IMO-CH 3 imogolites because of the presence of aluminol surface groups. The small variation in the film porosity and tube diameter does not significantly change the spectral signature of water. Moreover, water in the mesopores produces absorption spectra similar to those of bulk water.
We could isolate the IR signature of confined water inside the IMO-OH NTs by removing the signal from water trapped in other sites. The hydrophilic NTs are filled at low RH values (up to RH ≈ 10%), at which point the tubes are almost filled. The O-H stretching band of water confined within the 1.5-nm-diameter tube is significantly red-shifted and broader than the O-H band of bulk liquid water. The red-shift indicates that strong H bonds are formed upon confinement. The evolution of spectra with respect to the RH also suggests that patches of water molecules are first formed at the inner surface, where they strongly bond to silanol groups. They grow and fill the central part of the tubes. Adsorption/desorption isotherms indicate that the filling of water on the outer surfaces is a smoother process than filling of the IMO-OH tubes. This finding is in agreement with previous simulations that have suggested that outer surfaces exhibit a "less hydrophilic" character [34] .
In the case of IMO-CH 3 , a small contribution around 3,633 cm −1 (2.5% of the area of the total O-H stretching band) is indicative of weakly H-bonded water molecules inside the hydrophobic pores. A component at 1,590 cm −1 corresponding to the bending mode of water molecules that are weakly H-bonded further supports this assignment. Such weakly H-bonded water molecules were also observed in small hydrophobic carbon NTs and suggest the formation of 1D water chains, although the intermolecular distances are even larger in the present study. As IMO-CH 3 NTs are easily synthesized and manipulated in water dispersion, they could act as a particularly appealing system to study and exploit the very special properties of water nanoconfinement in hydrophobic nanochannels, such as capillary evaporation and water wettability [73, 74] .
Lastly, the insights obtained into the relationships between (1) the large specific surface area, (2) restricted geometries, and (3) tunable hydrophilicity, can serve the scientific community interested in deploying these materials for several applications, such as membranes, catalyst supports, and adsorbents. 
